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EXPERIMENTAL AND THEORETICAL AERODYNAMIC CHARACTERISTICS 

OF REPRESENTATIVE HYPERSONIC CRUISE CONFIGURATIONS~J 

PART I. LIFT AND DRAG - Walter P. Nelms, Jr. 

PART 11. STABILITY AND TRIM - John A. Axelson 

Ames Re search Center 

SUMMARY 

Experimental r e s u l t s  f o r  three models representat ive of hypersonic c ru ise  
a i r c r a f t  have been measured over a Mach number range from 0.65 t o  7.4 and com- 
pared with various theore t ica l  estimates for  the supersonic and hypersonic 
speed ranges. The three d i f f e r e n t  models were designed t o  the same general  
spec i f ica t ions  f o r  an air-breathing, liquid-hydrogen fueled, hypersonic c ru ise  
a i r c r a f t  having a gross weight of approximately a half-mil l ion pounds and a 
wing area of 6250 square f e e t .  

The b a s i c  models comprised of wing, body, and v e r t i c a l  t a i l ,  with 
nacel les  removed, developed untrimmed hypersonic maximum l i f t - d r a g  r a t i o s  near 
4.2. 
with the experimental r e s u l t s .  Less s a t i s f a c t o r y  agreement between theory and 
experiment resu l ted  f o r  the  drag charac te r i s t ics ,  however, primarily because 
of the underprediction of z e r o - l i f t  drag a t  hypersonic speeds. 

Theoretical  estimates of the l i f t  charac te r i s t ics  generally agreed wel l  

The longi tudinal  and d i r e c t i o n a l  aerodynamic centers and the aerodynamic 
performance a r e  presented f o r  the configuration buildups and f o r  various 
degrees of s t a b i l i t y  and t r i m .  Inviscid theore t ica l  estimates of d i r e c t i o n a l  
aerodynamic center  were i n  fa i r  agreement with experiment around a Mach num- 
ber  of 5 but  inadequately accounted f o r  the e f f e c t s  of increasing hypersonic 
Mach nurdber where viscous in te rac t ion  e f fec ts  became dominant. The trimmed 
maximum l i f t - d r a g  r a t i o  a t  hypersonic Mach numbers f o r  the  models with rudders 
f l a r e d  f o r  d i r e c t i o n a l  s t a b i l i t y  and control was approximately 3.5. 

INTRODUCTION 

Recent s tud ies  of the poten t ia l  of hydrogen-fueled hypersonic a i r c r a f t  
f o r  both c r u i s e  and boost missions, as typif ied by reference 1, have indicated 
a need f o r  research i n  the areas of theore t ica l  predict ion techniques and 
experimental t e s t i n g  procedures f o r  these types of configurations. Theories 
are ava i lab le  f o r  predict ing hypersonic aerodynamic c h a r a c t e r i s t i c s  of rela- 
t i v e l y  simple shapes, but  it i s  not known if these same theories  can be 
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combined to predict the characteristics of complex multiple-shock systems such 
as those associated with aircraft-type configurations. 

The objectives of this paper are to present experimental aerodynamic 
characteristics for three representative hypersonic cruise configurations and 
to compare the results with theoretical estimates. 

SYMBOLS 

- 
C mean aerodynamic chord 

CD 

cDO 

CL 

M 

drag coefficient 

drag at zero lift 

lift coefficient 

lift at zero angle of attack 

lift-curve slope 

pitching-moment coefficient at zero lift 

maximum lift-drag ratio 

Mach number 

Sref reference wing area 

SV exposed vertlcal-tail area 

a angle of attack 

EXPERIMENT 

Models 

The three models used in the present investigations are shown in 
figure 1. They were designed to the same specifications, namely, an air- 
breathing, liquid-hydrogen fueled, hypersonic aircraft having a gross weight 
of approximately a half-million pounds, a cruise Mach number near 6, and a 
wing area of 6250 square feet. The wings, with an aspect ratio of 1.46, had 
flat undersurfaces for minimizing local flow acceleration and hypersonic 
boundary-layer expansion ahead of the inlets. 
three configurations so as to avoid jet impingement on the structure down- 
stream of the nacelle exits. 
passed through the fuselage center line on the three models. 

The engines were placed on the 

The plane containing the wing lower surface 
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Reference model.- The model a t  the top of f igure  1 was derived from the 
a n a l y t i c a l  s tud ies  of reference 1. The fuselage had a c i r c u l a r  cross section, 
a f ineness  r a t i o  of 12, and a Sears-Haack area d is t r ibu t ion .  The model sca le  
w a s  1 inch equals 16 f e e t  f u l l  scale.  The flat-bottomed wing had a TO0 swept- 
back leading edge and a 4-percent-thick wedge-slab-wedge a i r f o i l  sec t ion  with 
r idge l i n e s  on the upper surface a t  30 and 70 percent of the l o c a l  chords. 
This model could be f i t t e d  with e i t h e r  of two v e r t i c a l  ta i ls ,  both of which 
had the same planform (i. e., 60° sweptback leading edges and exposed areas  
equal t o  one-fourth of the reference wing area)  but d i f f e r e n t  a i r f o i l  sections.  
One v e r t i c a l  t a i l  had a 4-percent-thick s y m e t r i c a l  diainond section; the other  
had an 8-percent-thick wedge section. 
represents  the former t a i l  incorporating f l a r e  of the surface a f t  of the ridge 
l ine .  The ex terna l  contours of the two-dimensional nacel les ,  with the i n l e t s  
located i n  the wing compression f i e l d ,  simulated a design containing two 
turboramjet engines per nacelle.  For the  reference model, constant-area 
i n t e r n a l  ducts were used, but i n l e t  precompression ramps and boundary-layer 
bypass were not  included. 

The l a t t e r  v e r t i c a l  t a i l  i n  e f f e c t  

Flat-bottom model.- The model a t  the lower l e f t  i n  f igure  1 i s  designated 
the flat-bottom model because of the f la t  undersurfaces on a l l  model compo- 
nents. The f o r e b d y  of the flat-bottom fuselage was longi tudinal ly  curved 
upward t o  the nose but was l a t e r a l l y  f l a t .  
t es ted  with 4-  and 3-percent-thick a i r f o i l  sect ions which had rounded ridge 
l i n e s  a t  35- and 70-percent chord on the upper surface. The nacel le  and hor i -  
zontal  s t a b i l i z e r  combination was designed t o  bypass the boundary layers  from 
the adjacent wing and body surfaces and t o  draw a i r  from the compression f i e l d  
under the wing i n  f l i g h t .  This model a l so  incorporated a p a i r  of wing-mounted 
f l a p s  conceived t o  d e f l e c t  downward i n  f ront  of the i n l e t s  and t o  afford pro- 
t e c t i o n  from debr i s  i n j e s t i o n  during powered ground operations. 
conditions, t h e  i n l e t s  would draw a i r  f r o m t h e  upper surface of the wing. 
The e x i t  a reas  of the nacel les  were twice the i n l e t  areas.  

The TO0 sweptback d e l t a  wing was 

Under these 

Blended model.- The blended model a t  lower r i g h t  i n  f igure  1 had a 
f l a t t e n e d  body of e l l i p t i c a l  cross sect ion merged t o  a 3-percent-thick, 80'- 
65' double d e l t a  wing with clipped t i p s .  The e l l i p t i c a l  cross sect ions had a 
r a t i o  of major t o  minor axes of 16/9. The nacelles,  l i k e  those on the  f l a t -  
bottom model, provided f o r  boundary-layer bypass. By comparison the nacel les  
on the blended model were mounted f a r t h e r  forward under the wing, with the 
ramps above r a t h e r  than below the i n l e t s .  The wing had a double-wedge sec t ion  
with inboard and outboard rounded ridge l i n e s  a t  64-percent chord on the upper 
surface. The wing extended r e l a t i v e l y  far  a f t  on t h i s  shor t  body f o r  balance 
between the weight and aerodynamic forces.  

Ver t ica l  t a i l s  and rudders.- The afterbodies of the flat-bottom and 
blended models were f i t t e d  on the center l i n e  with similar v e r t i c a l  t a i l s  t h a t  
had symmetrical wedge-slab-wedge sect ions,  70' sweptback leading edges, and 
exposed areas  equal t o  one-tenth the wing reference area. These models were 
a l s o  equipped with i d e n t i c a l  p a i r s  of wing-mounted 70' sweptback f i n s  with 
wedges simulating def lected rudders. The combined areas of the three v e r t i c a l  
surfaces t o t a l e d  t o  the same one-fourth of the wing reference area as t h a t  of 
the s ing le  l a r g e  v e r t i c a l  t a i l  on the reference model. - 3 



Tests  

Experimental da ta  were obtained i n  the Ames 6- by 6-foot  t ransonic ,  
1- by 3-foot supersonic, and 3.5-foot hypersonic wind tunnels over a Mach 
number range from 0.65 t o  7.4. 
was varied from 0.65 t o  2.0 (a  few measurements were a l s o  made a t  0.25), and 
i n  the 1- by 3-foot f a c i l i t y ,  from 2.0 t o  4.8. 
were obtained i n  the 3.5-foot hypersonic tunnel,  where the s tagnat ion tempera- 
t u re  was maintained a t  800° F t o  prevent l iquefac t ion  of a i r  i n  the t e s t  see-  
t ion .  
a t  a l l  Mach numbers, except 2.0 i n  the 6- by 6-foot  tunnel,  where the  Reynolds 
number was held a t  2.5 mil l ion per f o o t  because of pressure l imi t a t ions .  

I n  the 6-  by 6-foot  tunnel,  the Mach number 

Mach numbers of 5.3 and 7.4 

Data were taken a t  a constant Reynolds number of 3.5 mi l l ion  per  f o o t  

The models were sting-mounted through the r e a r  of the fuselages.  Force 
and moment measurements were made with an i n t e r n a l l y  mounted six-component 
strain-gage balance over a nominal angle-of-attack range from -4' t o  + 1 2 O  and 
angle-of-s idesl ip  range from -2' t o  +loo. 
were corrected f o r  balance and s t i n g  de f l ec t ions  due t o  the aerodynamic loads,  
and the measured forces  were adjusted t o  a condition of f ree-s t ream s t a t i c  
pressure over the  model bases. 

The angles of a t t a c k  and s i d e s l i p  

A t  several  points  throughout the t e s t  Mach number range, pressure surveys 
were made of the flow through the nacel les ,  and the  computed r e s u l t s  were used 
t o  cor rec t  f o r  i n t e r n a l  drag. Also, the pressure on the  base of the  reference 
model nacel les  was measured and the a x i a l  fo rce  adjusted t o  a condition 
corresponding t o  free-stream s t a t i c  pressure.  

Generally t r a n s i t i o n  w a s  no t  fixed on the models, bu t  g r i t  s tud ie s  were 
conducted a t  severa l  of the lower Mach numbers i n  order  t o  provide an a l l -  
turbulent  boundary layer  as a b a s i s  for data evaluation. A t  the  hypersonic 
speeds, no e f f e c t i v e  method was found f o r  f i x i n g  t r a n s i t i o n  near the leading 
edges of the model components t o  achieve f u l l y  turbulent  flow. Studies  u t i -  
l i z i n g  flow v i sua l i za t ion  and Reynolds number va r i a t ion  indicated the hyper- 
sonic boundary layers  t o  be near ly  a l l  laminar with possible  small a reas  of 
t r ans i t i ona l  flow. 

DISCUSSION 

P a r t  I - L i f t  and Drag 

This p a r t  of the discussion concerns the l i f t  and drag c h a r a c t e r i s t i c s  
of the three representa t ive  hypersonic c ru i se  configurations.  Experimental 
data obtained for the  three models during the wind-tunnel t e s t s  a r e  compared 
over the t e s t  Mach number range. The r e s u l t s  of severa l  t h e o r e t i c a l  predic-  
t i o n  techniques a r e  cor re la ted  with the experimental data f o r  the  reference 
configuration. 

Experimental l i f t  and drag.- I n  order  t o  compare experimental l i f t  and 
drag cha rac t e r i s t i c s  of the three  models, i t  was des i red  t o  have the configu- 
r a t i o n s  on as near ly  an equal bas i s  as possible .  Therefore, the comparisons 
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a r e  made f o r  the wing-body configurations with the v e r t i c a l  t a i l  a t  the center 
l i n e  but with the nacel les  removed. 
mixed-flow boundary-layer conditions. The experimental r e s u l t s ,  indicat ing 
very l i t t l e  difference i n  the lift and drag c h a r a c t e r i s t i c s  of these three  
configurations throughout the t e s t  Mach number range, a r e  presented i n  f i g -  
ure 2. This f igure  shows z e r o - l i f t  drag (% ), l i f t - c u r v e  slope a t  zero l ift 
( C b )  , and untrimmed, maximum l i f t - d r a g  r a t i o  ( (L/D)max) versus Mach number 
f o r  the three models. As can be seen, t h e  nearly i d e n t i c a l  values of m a x i m  
l i f t - d r a g  r a t i o  decrease from about 9 a t  0.9 Mach number t o  about 4.2 a t  
M = 6. 
similar over the  Mach number range, the reference configuration i s  considered 
representat ive f o r  the  theore t ica l  comparisons. 

Also, the da ta  as presented a r e  f o r  

0 

Because the experimental r e s u i t s  for  the  three configurations a r e  very 

Theoret ical  methods.- Several  theore t ica l  predict ion methods were 
employed i n  a comparison with the foregoing experimental data.  A b r i e f  sum- 
mary of these techniques i s  presented i n  f igure 3. This f igure  shows the 
procedures f o r  ca lcu la t ing  both pressure and s k i n  f r i c t i o n  forces and each has 
been assigned an ident i fy ing  number t o  be used i n  the f igures  t h a t  follow. 
Because most of the methods a r e  adequately discussed i n  the  l i t e r a t u r e ,  only a 
b r i e f  comment on each w i l l  be given here. 

I n  the pressure-force calculat ion technique number 1, i d e n t i f i e d  as 
l inear ized  method, the wave drag w a s  computed by a computer program ( r e f .  2)  
which applied the supersonic area r u l e  t o  an ".equivalent" body of revolution. 
The l i f t  c h a r a c t e r i s t i c s ,  including wing-body interference e f f e c t s ,  and the 
drag due t o  wing camber were determined by an aerodynamic influence coef f i -  
c i e n t  program discussed i n  reference 3. The drag due t o  l i f t  was s e t  equal t o  
the r e l a t i o n  
I n  the pressure-force calculat ion procedure number 2, tangent-cone theory w a s  
used f o r  the body and tangent-wedge theory f o r  the wing and v e r t i c a l  t a i l  
( r e f .  4 ) .  Pressure-force predict ion technique number 3 consisted of Newtonian 
theory applied t o  the windward surfaces of the configuration. These l a t t e r  
two t h e o r e t i c a l  methods employed a Prandtl-Meyer expansion on the leeward or 
expansion surfaces.  
the e f fec ts  of wing-body interference.  

CL tangent a ,  which assumes no leading-edge suction or th rus t .  

Pressure-force prediction methods 2 and 3 d id  not  include 

The f r i c t i o n  drag computation t h a t  was combined with the pressure force 
estimates u t i l i z e d  the reference temperature method of reference 5;  i n  a l l  
cases, both an  a l l - tu rbulen t  and an all- laminar boundary layer  were assumed. 

Experiment-theory correlat ions.-  The l i f t  and drag c h a r a c t e r i s t i c s  as 
computed by the foregoing theore t ica l  methods a r e  compared with the experi-  
mental r e s u l t s  i n  the  next three f igures .  
the reference model with the nacelles removed. 

These comparisons w i l l  be made f o r  

Z e r o - l i f t  drag.- The r e s u l t s  of correlat ing the experimental and theoret-  
i c a l  z e r o - l i f t  drag values throughout the t e s t  Mach number range a r e  presented 
i n  f igure  4. This f igure  i s  a p l o t  of z e r o - l i f t  drag (CD ) versus Mach number. 
The open symbols denote experimental d a t a  for  which the boundary-layer flow 
over the model w a s  mixed, varying from a combination of laminar and turbulent  
flow a t  the lower Mach numbers t o  essent ia l ly  a l l - laminar  flow a t  the higher 
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speeds. 
boundary-layer flow. 
wind-tunnel drag study i n  which s i x  s izes  of carborundum p a r t i c l e s  were used 
and the gr i t - f ree  a l l - tu rbulen t  drag l e v e l  was determined by the methods of 
reference 6. The l inear ized  method shows excel lent  agreement with the experi-  
mental data f o r  a l l - tu rbulen t  flow a t  the lower Mach numbers with an e r r o r  a t  
M = 1.3 on the order of 3 percent. 
the drag predictions a r e  too low, s ince the all- laminar theore t ica l  curve 
should be approaching the mostly laminar-flow experimental data i n  t h i s  area.  
Likewise, the  drag l e v e l  predicted by the tangent-cone tangent-wedge theories  
i s  low, since, as before, the r e s u l t s  of laminar theory should agree c loser  
with the experimental r e s u l t s .  Nevertheless, the laminar curve f o r  t h i s  
theory generally predicts  the var ia t ion  of drag l e v e l  with Mach number. 
Hypersonic drag predicted by t h i s  t h e o r e t i c a l  method i s  too low f o r  severa l  
possible  reasons, such as m d e l  component in te r fe rence  e f f e c t s ,  underestima- 
t i o n  of the viscous in te rac t ion  e f f e c t s ,  and underestimated contributions of 
the leeward or "shadow" surfaces.  A s  the  f igure  shows, the Newtonian theo- 
r e t i c a l  estintztes a r e  a l s o  low i n  comparison t o  the data, but  t h i s  i s  not 
unexpected, since,  i n  addi t ion t o  the aforementioned reasons, the most gen- 
e r a l  appl icat ion of t h i s  theory i s  f o r  b lunt  shapes a t  high hypersonic speeds. 

The so l id  symbols represent experimental points f o r  a l l - t u r b u l e n t  
These a l l - t u r b u l e n t  values were obtained from a d e t a i l e d  

However, a t  Mach numbers above about 4, 

L i f t . -  I n  general, the l i f t  c h a r a c t e r i s t i c s  of t h i s  type of configuration 
can be predicted with more c e r t a i n t y  than the drag level .  This f a c t  i s  demon- 
s t r a t e d  i n  f i g u r e  5 which presents a cor re la t ion  of the t h e o r e t i c a l  and exper- 
imental l i f t  r e s u l t s .  The f igure  i s  a p l o t  of l i f t  a t  zero angle of a t t a c k  
( C L ~ )  and l i f t - c u r v e  slope a t  zero l i f t  ( C k )  as a function of Mach number. 
The experimental data indicate  t h a t  the  pos i t ive  values of l i f t  a t  zero angle 
of a t tack  begin t o  decrease with increasing Mach number u n t i l  a t  Mach numbers 
above about 3 (where the wing leading edge becomes supersonic) the values 
become s l i g h t l y  negative. A s  shown on the f igure,  the C L ~  l e v e l  i s  over- 
estimated by the l inear ized  method a t  Mach numbers below 3, but a l l  methods 
provide good correlat ion a t  the higher Mach numbers. The l inear ized  method 
gives good estimates of l i f t - c u r v e  s lope around 
estimate t h i s  value a t  a Mach number of 3 and above. Tangent-cone and tangent- 
wedge theories show good agreement with the experimental values of l i f t - c u r v e  
slope; but as would be expected a t  these Mach numbers, Newtonian theory under- 
estimates this parameter. The value of 4/P i s  shown on the f igure,  and when 
the wing leading edge i s  supersonic, i t  gives surpr i s ing ly  good r e s u l t s  f o r  
the l i f t - c u r v e  slope of t h i s  configuration despi te  the presence of the la rge-  
volume fuselage. With the exception of the Newtonian method, the  general ly  
good agreement of the various theor ies  with the experimental data throughout 
the tes t  Mach number range i s  evident. 

M = 2, but tends t o  over- 

Maximum l i f t - d r a g  r a t i o . -  Figure 6 presents a cor re la t ion  of t h e o r e t i c a l  
and experimental values of maximum, untrimmed, l i f t - d r a g  r a t i o  ( (L/D)max) as a 
funct ion of Mach number. A s  in the case of the  drag comparison, the a l l -  
turbulent theore t ica l  r e s u l t s  of the l inear ized  method exhib i t  excel lent  
agreement a t  the lower Mach numbers with the corresponding a l l - tu rbulen t  
experimental data,  d i f fe r ing  only about 5 percent a t  
about M = 3, the l inear ized  method predic t s  too high a value of L/D since 
the laminar, and not the turbulent-flow curve, should approach the data i n  

M = 1.3. However, above 
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t h i s  area.  This i s  a consequence of the  low value of drag and high value of 
l i f t - c u r v e  s lope t h a t  was predicted i n  t h i s  region as discussed e a r l i e r .  
These same comments apply t o  the r e s u l t s  of tangent-cone and tangent-wedge 
theories ,  s ince,  because of the  low drag estimates, the predicted va lues  
a r e  also too high. It i s  only fo r tu i tous  that  the Newtonian method gives good 
r e s u l t s  i n  the  v i c i n i t y  of M = 5, because, as previously shown, i t  under- 
estimates both the  drag and the  l i f t - c u r v e  slope. A t  around M = 7, however, 
the Newtonian method also overestimates the maximum 
theory f o r  turbulent  flow approaches the data f o r  mostly laminar flow. 

L/D 

L/D values, s ince  the  

DISCUSSION 

P a r t  I1 - S t a b i l i t y  and T r i m  

This p a r t  of the discussion examines the aerodynamic s t a b i l i t y  and t r i m  
requirements and the r e l a t ed  aerodynamic performance penal t ies  of the  present  
models. The e f f e c t s  on s t a b i l i t y  of var ia t ions  i n  Mach number and i n  model 
geometry a r e  shown i n  the f igures  i n  the form of longi tudina l  and d i r e c t i o n a l  
aerodynamic center  loca t ions .  The e f f e c t s  on aerodynamic performance of add- 
ing the model components and of achieving longi tudinal  t r i m  and d i r e c t i o n a l  
s t a b i l i t y  appear i n  the form of maximum l i f t - d r a g  r a t i o s .  
centers  were evaluated near maximum l i f t - d r a g ' r a t i o  which occurred a t  angles 
of a t t ack  between 6' and 9'. 
given both f o r  the  bas ic  wing-body models with a v e r t i c a l  t a i l  on the  center  
l i n e  and f o r  t he  complete models. 

A l l  aerodynamic 

Aerodynamic cha rac t e r i s t i c s  i n  each case a r e  

Longitudinal aerodynamic center.-  The longi tudinal  aerodynamic centers  
shown i n  f i g u r e  7 f o r  the  models with nacelles and wing f i n s  removed ind ica t e  
t h a t  the most rearward loca t ions  occurred around M = 1.1, and the most 
forward loca t ions  resu l ted  a t  or above M = 4.8. 
aerodynamic centers  f o r  the  blended model r e l a t i v e  t o  those of the o the r  two 
models i s  not  p a r t i c u l a r l y  s ign i f i can t  here, bu t  r a the r  i s  a consequence of 
the  more a f t  loca t ion  of the wing on t h i s  model and the use of percent mean 
aerodynamic chord r a t h e r  than percent body length as the  ordinate .  For per-  
spective,  i t  may be noted t h a t  the 5-percent T of the blended m o d e l  and the  
35-percent of the f la t -bot tom model both correspond to  61 percent of the  
respect ive fuselage lengths.  
the  la rge  35-percent c t r a v e l  of the aerodynamic center  f o r  the blended 
model, a s  indicated by the  arrow a t  the r igh t  of the f igure.  The correspond- 
ing t r a v e l  was 16-percent c f o r  the  f la t -bot tom model and 21-percent c 
f o r  the  reference model. The l a rge  t r a v e l  for the  blended model i s  believed 
t o  r e s u l t  from the  increased loadings on the forward s t rakes  of the  double 
d e l t a  wing and on the  wider forebody a t  hypersonic Mach numbers. 

The forward placement of the  

- c 
A s ign i f i can t  point  t o  observe i n  f igu re  7 i s  - 

- - 

Longitudinal aerodynamic centers  - complete models.- The longi tudina l  
aerodynamic centers  f o r  the complete models a r e  shown i n  f igu re  8. The addi- 
t ions  of the nace l les  t o  the reference model and of the nacel les  and wing 
f i n s  t o  the  f la t -bot tom and blended models moved the longi tudina l  aerodynamic 
centers  aft .  The o v e r a l l  excursions of aerodynamic center  over the Mach num- 
ber  range f o r  t he  reference, and flat-bottommodels d i f f e red  by only a few 
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percent 7 from those shown i n  f igure  7. Adding the  nacel les  and wing f i n s  
t o  the blended model, on the other hand, s i g n i f i c a n t l y  reduced the o v e r a l l  
excursion of aerodynamic center  from the previous 35-percent c ( f i g .  7 )  t o  
22-percent e. This improvement resu l ted  almost e n t i r e l y  from the s h i f t  i n  
hypersonic aerodynamic center  from -4-percent ( f i g .  7 )  t o  10-percent c f o r  
the complete model. 

- 
- 

- 

One approach f o r  dealing with the aerodynamic center  t r a v e l  and the 
associated s t a b i l i t y  and control problems i s  fue l -d is t r ibu t ion  management, 
which s h i f t s  the a i r c r a f t  center of grav i ty  t o  maintain acceptable s t a t i c  mar- 
gins throughout the speed range. Relying on t h i s  recourse through the accel-  
e r a t i o n  phase, the present configurations would operate hypersonically with 
centers of grav i ty  around 35-percent 
around 5-percent c f o r  the blended configuration. 

- c f o r  the flat-bottom vehicle  and - 

Directional aerodynamic center.-  Another s i g n i f i c a n t  problem during 
accelerat ion through the supersonic speed range i s  the d e t e r i o r a t i o n  i n  d i rec-  
t i o n a l  s t a b i l i t y .  The d i r e c t i o n a l  aerodynamic centers of the models w i t h  
nacel les  and wing-fins off  a r e  shown i n  f igure  9. The l a r g e r  v e r t i c a l  t a i l  of 
the  reference model resu l ted  i n  the d i r e c t i o n a l  aerodynamic centers  being 
20-percent C a f t  of those of the flat-bottom model with the smaller center  
l i n e  v e r t i c a l  t a i l .  The differences i n  t a i l  s ize ,  however, had l i t t l e  i n f l u -  
ence on the overa l l  t r a v e l  of t h e  d i r e c t i o n a l  aerodynamic centers, which was 
i n  the v i c i n i t y  of 60-percent c f o r  both models. A somewhat smaller t r a v e l  
of 47-percent c resu l ted  f o r  the blended model. Because of the reductions 
i n  s t a t i c  d i r e c t i o n a l  s t a b i l i t y  a t  the highest  Mach number, the hypersonic 
d i rec t iona l  aerodynamic centers shown i n  f i g u r e  9 were general ly  forward of 
the longi tudinal  aerodynamic centers  f o r  the complete models ( f i g .  8).  

- 
- 

Directional aerodynamic centers  - complete models.- One of the object ives  
of the  present study was t o  f i n d  means f o r  maintaining hypersonic d i r e c t i o n a l  
s t a b i l i t y .  One e f f o r t  consisted of f l a r i n g  the l a r g e  v e r t i c a l  t a i l  of the 
reference model by means of a cross sect ion shape change from a diamond t o  a 
wedge. The t o t a l  leading-edge wedge angle f o r  both t a i l s  was 4.6'. The 
t r a i l i n g  edge of the wedge t a i l  corresponded t o  a 4-foot thickness f u l l  scale .  
The results shown i n  f i g u r e  10 indica te  t h a t  the  d t r e c t i o n a l  aerodynamic 
center  moved a f t  from 40 percent f o r  t h e  diamond t a i l  t o  50-percent 
the wedge t a i l  a t  5.3 Mach number, bu t  the aerodynamic centers  f o r  both t a i l s  
s h i f t e d  considerably forward as Mach number was increased t o  7.4. 
not shown i n  f igure  10, the d i r e c t i o n a l  s t a b i l i t y  of the reference model with 
e i t h e r  t a i l  diminished ser ious ly  a t  angles of a t t a c k  above 6'. 
f i g u r e  10 a r e  theore t ica l  estimates of the hypersonic aerodynamic center loca- 
t ions  derived from tangent -cone theory on the forebody, Prandtl-Meyer expan- 
s ion on the afterbody, and shock expansion on the v e r t i c a l  t a f l s .  
inviscid theore t ica l  estimates a r e  i n  f a i r  agreement with experiment but  i n d i -  
ca te  l e s s  var ia t ion  with Mach number. 
does not account f o r  shielding of the t a i l  by the body shock and boundary 
layers ,  thus overestimates t a i l  effect iveness  a t  the  higher hypersonic Mach 
number. 

- 
c f o r  

Although 

Included on 

These 

A possible  explanation i s  t h a t  theory 
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A more e f f ec t ive  control  over hypersonic d i r ec t iona l  s t a b i l i t y  i s  
indicated by the r e s u l t s  i n  f igure  11 f o r  the  f la t -bot tom and blended models 
with the  small wing-mounted f i n s  and with rudder f l a r e  angles up t o  35'. 
combined area of these f i n s  w a s  15 percent of the  wing reference area,  bu t  
only 5.4 percent was f l a r ed  as rudders. A s  indicated by the v e r t i c a l  spread 
of the symbols, rudder f l a r e  exercised an increasingly powerful cont ro l  over 
d i r e c t i o n a l  s t a b i l i t y  and d i r ec t iona l  aerodynamic center  l oca t ion  as hyper- 
sonic Mach number w a s  increased. I n  addition, the d i r e c t i o n a l  s t a b i l i t y  and 
the rudder cont ro l  effect iveness  did not de t e r io ra t e  as angle of a t t a c k  was 
increased, because the  f l a r ed  rudders extended below the  wings and remined  i n  
windward exposure with high l o c a l  dynamic pressure.  

The 

Included on f igu re  11 are  theore t ica l  es t imates  of the incremental 
changes i n  aerodynamic center  due t o  inviscid oblique-shock loadings on the  
f l a r ed  rudder surfaces  only. 
the e f f e c t s  of increasing hypersonic Mach number r e s u l t s  from i t s  not  account- 
ing  f o r  the  addi t iona l  loading induced On the  f i n  surfaces  upstream of the  
rudder hinge l i nes ,  where l o c a l  separated flows developed and spread chordwise. 
A t heo re t i ca l  bas i s  i s  not ye t  ava i lab le  f o r  estimating these added f i n  load- 
ings and the  loca t ions  of separat ion on the f i n  and of reattachment on the  
rudder. The e f f e c t s  of rudder f l a r e  on a f u l l - s c a l e  vehicle  might d i f f e r  from 
these model r e s u l t s  because of the change i n  boundary-layer cha rac t e r i s t i c s .  

The inadequacy of inv isc id  theory i n  pred ic t ing  

The r e s u l t s  i n  f igu re  11 indica te  that  t he  models were d i r e c t i o n a l l y  
s t ab le  f o r  t he  previously c i t ed  center-of -grav i ty  loca t ions  (i. e., 35-percent 
c f o r  t he  f la t -bot tom model with 25' rudder f l a r e  and of 5-percent F f o r  
the  blended m d e l  with 15' f l a r e ) .  
the c h a r a c t e r i s t i c  nonl inear i ty  of the hypersonic l i f t  curves of the  v e r t i c a l  
tai ls  wherein reduced slopes preva i l  a t  sml l  surface inc l ina t ion  angles. 
s t a b i l i z e r  i nc l ina t ion  angle, then, i s  as important a t  hypersonic speed as i s  
surface area a t  lower speeds. 

- 
Rudder f l a r e  w a s  e f f ec t ive  i n  o f f s e t t i n g  

The 

Maximum l i f t - d r a g  r a t i o . -  Flared rudders provided hypersonic d i r e c t i o n a l  
s t a b i l i t y ,  bu t  the  associated drag penalized aerodynamic performance. The 
maximum l i f t - d r a g  r a t i o s  f o r  the configuration buildup and f o r  various degrees 
of s t a b i l i t y  and t r i m  f o r  the  f la t -bot tomand blended models a r e  shown i n  
f igures  12 and 1.3, respect ively.  The upper curves show the maximum untrimmed 
l i f t - d r a g  r a t i o s  for the  wing-body models with a v e r t i c a l  t a i l  only on the  
center  l i n e .  The next curve down i n  each f igu re  shows the maximum l i f t - d r a g  
r a t i o s  f o r  the  complete models, untrimmed, with controls  neutral .  
curves ( r i g h t  t r i ang le s )  on the l e f t  of f igures  12 and 13 a r e  the  maximum 
l i f t - d r a g  r a t i o s  f o r  the models longi tudina l ly  trimmed and s t ab le  f o r  Mach 
numbers i n t o  the supersonic range. The penalty i n  l i f t - d r a g  r a t i o  due t o  
longi tudina l  trimming was d i r e c t l y  re la ted  t o  the  negative pitching-moment 
coe f f i c i en t  a t  zero l ift which characterized the  e f f ec t ive ly  cambered, f lat-  
bottomed wings used on the  present models. Longitudinal trimming a t  hyper- 
sonic  speeds caused no s igni f icant  penalty i n  l i f t - d r a g  r a t io ,  because the  
p i tch ing  moment a t  zero l if t  was near zero o r  pos i t ive  there.  F ina l ly ,  the  
lowest curves on the  r i g h t  of each f igu re  (diamonds) show the maximum hyper- 
sonic l i f t - d r a g  r a t i o s  f o r  completely s table ,  trimmed models u t i l i z i n g  rudder 
f l a r e  t o  achieve d i r ec t iona l  s t a b i l i t y ,  with centers  of grav i ty  a t  35-percent 
c f o r  the f la t -bot tom model and a t  5-percent T f o r  the blended model. It 

The lowest 

- 
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--II 
is likely that the penalty in lift-drag ratio from flaring the rudders on the 
flat-bottom model could be halved if the flared rudders were moved from the 
wing trailing edge to the sides of the aft-mounted nacelle-stabilizer, which 
would more than double the tail length and would allow a smaller rudder flare 
angle. The hypersonic maximum lift-drag ratios for both models, trimmed and 
stable, would be near 3.5. 

CONCLUDING RENARKS 

An analysis of the experimental aerodynamic characteristics for three 
mdels representative of hypersonic cruise aircraft and comparisons with 
theory have indicated the areas of validity and of inadequacy of various 
theoretical methods, the prominent stability and trim problems, and the 
factors affecting aerodynamic performance. 

Lift and drag characteristics for the reference model were estimated by a 
linearized theory, tangent-cone and tangent-wedge approximations, and 
Newtonian theory, each combined with estimates of all-laminar and all- 
turbulent skin friction using the reference temerature method, and were com- 
pared with experimental results at supersonic and hypersonic Mach numbers up 
to 7.4. Lift and drag estimates from the linearized method agreed well with 
experiment for supersonic Mach numbers up to 3. Lift characteristics esti- 
mated by the tangent-cone tangent-wedge approach and simple supersonic linear 
airfoil theory agreed well with experiment at supersonic and hypersonic Mach 
numbers. Newtonian theory underestimated both the lift and the drag. At 
Mach numbers above 3, all of the theories underestimated the drag and, 
therefore, overestimated the lift-drag ratios. 

The overall travels of the longitudinal aerodynamic centers were about 
20 percent of the wing mean aerodynamic chords, with the hypersonic locations 
being fairly close to those prevailing at subsonic speeds. Adequate direc- 
tional stability and control at hypersonic speeds was demonstrated by the O q  
of a pair of wing-mounted fins supporting flared rudders which extended above 
and below the wing plane. The rudders became increasingly effective in con- 
trolling directional stability and directional aerodynamic center location as 
hypersonic Mach number was increased. Theoretical predictions of stability 
and control characteristics require further refinement to account for viscous 
interaction effects which become predominant at the higher hypersonic Mach 
numbers. The hypersonic maximum lift-drag ratios were above 4.0 untrimmed, 
decreasing to about 3.5 for the trimmed and stable models that incorporated 
optimum rudder flare for directional stability. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif. 94035, May 16, 1967 
126-13-03-01-00-21 
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